Abstract-In this paper, a novel robust torque control strategy for permanent magnet assisted synchronous reluctance machine drives applied to electric vehicles and hybrid electric vehicles is presented. Conventional control techniques can highly depend on machine electrical parameters, leading to poor regulation under electrical parameters deviations or, in more serious cases, instabilities. Additionally, machine control can be lost if field weakening is not properly controlled and, as a consequence, uncontrolled regeneration is produced. Thus, advanced control techniques are desirable to guarantee electric vehicle drive controllability in the whole speed/torque operation range and during the whole propulsion system lifetime. In order to achieve these goals, a combination of a robust second-order current-based sliding mode control and a look-up table/voltage constraint tracking based hybrid field weakening control is proposed, improving the overall control algorithm robustness under parameter deviations. The proposed strategy has been validated experimentally in a full-scale automotive test bench (51-kW prototype) for being further implemented in real hybrid and electric vehicles.
I. INTRODUCTION

P
ERMANENT magnet synchronous machines (PMSMs) have been traditionally considered as appropriate candidates for electric vehicle (EV) and, especially, for Hybrid EV (HEV) applications, due to their high power density and high efficiency [1] . However, these technologies require high density magnetic materials to produce the rotor flux, usually sintered neodymium-iron-boron (NdFeB) alloys, and other rare-earth materials, such as dysprosium (Dy), leading to high price, risk of depletion, and resource monopoly issues [2] , [3] . For these reasons, alternative technologies that do not rely on these permanent magnet (PM) materials are attracting considerable attention, such as switched reluctance machines [4] , [5] and induction machines (IMs) [6] . Among them, synchronous reluctance machines (SynRMs) can be highlighted due to their high temperature operation capability, high efficiency, and small [7] (usually ferrite magnets) or eventually nonuse of PMs [8] . These features make the SynRMs one of the most promising candidates for the next generation of EV and HEV [3] . According to [9] , modern ferrite PM-assisted machines can produce 75% of the torque of an interior PMSM for the same size and liquid cooling technology.
A significant amount of research has been carried out in the last years regarding SynRMs and PM-assisted SynRMs, with special attention on machine design and optimization aspects [10] - [13] . Control aspects have also been studied in the recent literature. In this sense, Hinkkanen [14] and Guagnano [15] deal with the high-speed control of synchronous machines, in general, and SynRMs, in particular, being this an important aspect for next generation high-speed EV propulsion systems. In [16] - [18] , robust direct torque control and predictive control strategies for SynRM are presented, among others.
Despite a variety of control approaches can be found in the scientific literature, proportional integral (PI)-based field oriented control (FOC) is one of the most commonly used torque control technique for synchronous machines [19] . This strategy must be complemented with an optimal current set point generation algorithm, which is required to drive an EV propulsion system through the maximum efficiency points, including field weakening (FW) operation when required. In industrial applications, in general, and commercial EV electric drives, in particular, it is of common practice to precalculate these set points and store them in look-up tables (LUTs) [20] - [25] . The machine electrical parameters must be identified in order to calculate the aforementioned LUTs. Finite element model (FEM) analysis [26] , [27] or experimental procedures [27] , [28] are usually employed, from where electric machine d-and q-axis fluxes are obtained. Permanent magnet flux and d-and q-axis inductances can be calculated from these fluxes. However, it is important to point out that an adequate mathematical approach must be followed [27] .
In contrast, other strategies follow a stator flux reference frame control approach [29] , or perform the optimum set point calculations in real time from inductances and PM-flux data [19] , or by using estimated parameters [30] , [31] .
LUT-based methods are commonly preferred in industry due to their low computational burden and simplicity. However, LUT approaches tune the control algorithm for a specific set of electrical parameters and may eventually loss control under parameter variations due to an incorrect FW regulation, i.e., exceeding the stator voltage limit and leading to an uncontrolled energy regeneration [32] . The high nonlinearities caused by the magnetic saturation effect [27] together with electrical parameter variations due to machine ageing, manufacture tolerances, and temperature dependency confirm the importance of relying on a robust control strategy that ensures the correct operation of the EV drive during its whole life-cycle.
In this paper, a robust control algorithm for EVs and/or HEVs mounting PM-assisted SynRMs is fully designed and tested. An improvement of the LUT-based FOC scheme, consisting of a second-order current sliding mode control (SMC) and a robust hybrid LUT/feedback-based set point current generator, is proposed. The main advantage resides on the fact that optimized LUT values are used unless parameter deviations jeopardize the stator voltage limit. The current set point LUT data are calculated in order to minimize the copper losses at low speeds and magnetic losses at high speeds. The SMC control technique has been selected among other control strategies because of its robustness against parameter variations (which can be significant in automotive PM-assisted SynRM drives).
In the following, the machine mathematical model and the proposed control algorithm are presented. Finally, experimental results obtained in a full-scale EV drive platform of 51 kW that validate the control approach are presented.
II. PM-ASSISTED SYNRM ELECTROMAGNETIC MODEL AND OPERATION CONSTRAINTS
Taking magnetic saturation phenomena into account, the dq synchronous reference frame stator voltage equations of the PM-assisted SynRM can be expressed as 
where R s is the stator resistance, w m is the mechanical speed, P is the pole-pair number and the current dependent magnetic fluxes are 
Similar to a conventional PMSM drive, a PM-assisted SynRM drive exhibits speed and torque constraints due to inverter current rating and available dc-link voltage. These limitations must be taken into consideration [21] and can be expressed in terms of current and voltage as follows:
being I max and V max the maximum allowable stator current and voltage, respectively. In some cases, the stator resistance R s can have a significant impact in the voltage limit expressed by (7) and must be considered. However, the effect of R s has been neglected in this particular application because its influence is low, as R s = 1.74 mΩ and I max = 255 A.
According to these constraints, four optimum operation regions are distinguished [19] , [21] , [33] : maximum torque per ampere (MTPA, Fig. 1 region I) , FW region without and with torque reduction (Fig. 1 regions II and III, respectively) and maximum torque per volt (MTPV, Fig. 1 region IV) . In the MTPA region, the ohmic losses (predominant at low speeds) are minimized, whereas in the MTPV region the magnetic losses (predominant at high speeds) are minimized. Fig. 2 shows the general diagram of the proposed robust control strategy. In the following, the main blocks that constitute the controller, i.e., the current regulators and the set point determination strategies are presented.
III. PROPOSED ROBUST SYNRM CONTROL STRATEGY
A. Second-Order SMC Current Regulators
Although first-order SMC can be considered as an appropriate solution for controlling electric drives connected to switching power converters [34] , [35] , this technique has the disadvantage of producing a variable switching frequency, which is not usually a desirable feature. Application of second-order SMC allows us to retain the robustness characteristics of the firstorder SMC control algorithm at a fixed switching frequency. Additionally, possible chatter can be reduced [36] .
The SMC approach consists of two steps [34] : 1) selection of a sliding surface (s) to where the system states are driven (when the state trajectory is constrained on it, s = 0, the controlled plant exhibits the desired performance) and 2) design of a discontinuous state-feedback capable of forcing the system state to reach, in finite time, the aforementioned surface.
Aiming to achieve satisfactory tracking performance for i d and i q , the following sliding functions are adopted [36] :
where
, being c d and c q positive constants. The integral terms of (8) and (9) are incorporated to remove steady-state errors that may arise in practice. Satisfactory tracking is achieved when ds i j /dt = 0, being j = {d, q}.
Taking the time derivative of the sliding functions, the following space-state expressions are obtained:
Using (10) and (11), the motor dynamics can be rewritten as
The equivalent control signals v d,eq and v q,eq can be obtained forcing ds i d /dt = 0 and ds i q /dt = 0 in (12) and (13) . The voltages to be applied in the stator should be derived according to the following control law [36] :
where terms v d,ST and v q,ST are computed applying the supertwisting algorithm (STA) [37] :
where λ j and Ω j are positive gains to be tuned, being j = {d, q} and sgn(s i j ) = s i j /|s i j |. The goal of the first terms of (16) is to guarantee that the sliding surfaces s i d = 0 and s i q = 0 are reached at finite time. The selection of c d , c q and the tuning equations to correctly adjust the STA are detailed in [36] . Equivalent voltages are not strictly necessary for the secondorder SMC. However, they include a number of benefits: 1) they improve the system's transient response, 2) the more accurately they are calculated, the lower is the control effort left to the STA algorithm, 3) although equivalent voltage parameters are machine parameter dependent, they do not decrease the control algorithm robustness, as it relies on the STA [36] , and 4) their incorporation simplifies the calculation of the sliding function constants c d and c q , as well as the STA constants λ d , λ q , Ω d , and Ω q .
In order to consider the PM-assisted SynRM magnetic saturation phenomena, equivalent voltages of (14) and (15) fluxesΨ d ,Ψ q from LUTs containing FEM data of such parameters (see Fig. 2 ). Current references i * d and i * q have been used for parameter estimation, instead of measured values, in order to avoid feedback noise transmission to the control signals. In order to improve the drive performance at high speeds, the required phase advance has been applied to the SMC output voltage inverse Park transformation electrical angle (see Fig. 2 ):
being T s the control execution period.
B. Hybrid Current Set Point Generation Strategy
In the absence of significant parameter mismatches, the usage of precalculated LUTs that contain the optimal current set points for the whole operation range is ideal. The dimensions required to obtain i * d and i * q in an LUT-based approach depends on the specific application. Although the usage of the torque reference as an input is mandatory, the mechanical speed must also be considered in systems where FW operation is required. Additionally, dc-link voltage feedback is also required in systems where V DC can vary, as is the case of a battery powered EVs or HEVs. However, this magnitude can be eliminated from the LUT using the speed normalization (w norm ) concept [38] , where the mechanical speed w m is related to the dc-link voltage V DC as (see Fig. 3 )
being V norm DC the normalized voltage for which the current set point LUTs have been calculated.
It becomes clear that i * d and i * q depend on the machine electrical parameters. From (7), it can be derived that variations in dand q-axis inductances affect directly the voltage limit ellipse (see Fig. 1 ), leading to possible controllability problems in FW and MTPV operation.
Conventional FW compensators only consider i d current modification to elude the voltage limit curve, not relying on the i q current [38] , [39] . The d-and q-axis currents are coupled in the MTPV region, being the trajectory calculation a complex task. In [40] , an optimized FW strategy is proposed, where either i * d or the phase angle of the reference current Γ * are the voltage-loop control actions. The corresponding transfer function is defined, allowing the precise design and adjustment of the voltage control loop. The regulator is designed considering constant electrical parameters and dc-link voltage. Additional control blocks would be required in order to control a machine in MTPV mode and guarantee a smooth transition between FW and MTPV regions.
Reference [32] deals with this issue applying a linear FW control, i.e., the MTPV curve is linearized, simplifying the relationship between i d and i q currents. In contrast, in [29] , an unified direct-flux vector control approach is implemented in the stator flux reference frame, allowing robust MTPV operation. This strategy requires a stator flux observer and an additional PI for MTPV current limitation. However, if the precalculated LUT data are to be maintained, the approach presented in [33] can be incorporated to the SMC control structure (see Fig. 3 ) in order to improve the robustness of the SynRM torque control. Thanks to this, current references i * d , i * q are simultaneously modified throughout the regulation of the normalized mechanical speed ω norm (see Fig. 3 ).
Following this approach, the normalized speed of (18) is controlled using a voltage constraint tracking (VCT) regulator, which aims to maintain the stator voltage vector close to the voltage limit margin in the FW and MTPV regions according to the error produced between the second-order SMC regulator reference voltage V * s and the voltage limit V max :
where K v provides a security margin (K v < 1) in order to ensure that the voltage limit is never reached. The normalized speed modified by the VCT algorithm in the k instant is defined by
being
where α is a positive constant and δω(k) is a correction term, saturated as follows:
When the inverter output voltage exceeds the maximum voltage limit (Δv > 0) including the security margin, the term δω(k) becomes positive, increasing the value of ω VCT (k) until the voltage error Δv becomes zero. Therefore, the dq current set points are simultaneously modified (the reference current vector is maintained within the voltage ellipse constraint) in order to maintain the stator voltage in the voltage limit curve. In contrast, when the inverter output voltage is not saturated (Δv ≤ 0), the correction term δω(k) is negative. Taking into account the saturation effect defined in (22) , the corrector term does not affect the normalized speed, and ω VCT (k) = ω norm (k).
The main advantage of the proposed method relies on the fact that it only modifies the theoretically or experimentally predefined optimum set points when it is required, maintaining the LUT values when deviations are sufficiently small to ensure machine controllability.
Another benefit of this approach relies on the fact that, apart from the current regulators, only an additional control parameter (α) must be adjusted. Additionally, the added computational burden of the proposed strategy is low.
In order to adjust the VCT regulation parameter α, simulations have been carried out considering ±10% errors in the SynRM electrical parameters (see Fig. 4 ). As it can be seen from Fig. 4 , the system losses control if no VCT regulation is achieved (α = 0), driving V * s into saturation. Taking into account the EV drive dynamics and according to simulation, a value of α between 0.01 and 0.1 has been considered for its fine tuning in the experimental platform.
IV. EXPERIMENTAL RESULTS
A. Experimental Platform Description
In this section, experimental results that validate the proposed SynRM control strategy are presented. Tests have been carried out in the automotive test bench of Fig. 5 , which is constituted by the following main elements: 1) A counter-load IM of a maximum speed of 8000 r/min and maximum power of 157 kW that emulates the EV behavior.
2) A 1:1.8 gearbox that allows a maximum speed up to 14 400 r/min for the machine under test. 3) A modular dSPACE rapid control prototyping device, equipped with a slot-CPU control board (DS1006) and an ac motor control solutions board. 4) Complete road vehicle real time model (DYNACAR) including both longitudinal and lateral car dynamics to emulate real driving conditions. 5) An industrial Semikron IGD-1-424-P1N4-DL-FA power inverter, with a nominal power of 140 kW and a maximum switching frequency of 25 kHz. 6) An HBM HBMT40B torquimeter. The proposed control strategy has been validated in a 51-kW automotive PM-assisted SynRM, whose most significant parameters are listed in Table I . Taking into account the nature of this machine, the effects of magnetic saturation and cross coupling in the machine's electrical behavior have an important impact and cannot be neglected. The d-and q-axis magnetic fluxes obtained throughout FEM analysis are shown in Fig. 6 . The switching frequency of the converter has been set to 10 kHz. A dead-time compensation algorithm [41] has been carried out in order to minimize its effect. The optimal current set point LUTs have been precalculated using the FEM data of the machine. The control dynamics requirements and the SMC parameters used for this application are listed in Table II . Fig. 7 shows the results of the proposed SMC control strategy when conventional LUT-based approach and hybrid LUT/VCT approach are used for current set point determination, at machine maximum torque (130 N·m). The SMC current regulation is satisfactory, producing a low-torque ripple. Note that, as in real EV applications, electromagnetic torque has been indirectly measured from the stator currents. If the VCT feedback is not included [see Fig. 7(a) , (c), and (e)], the stator voltage surpasses the voltage limit for a given mechanical speed, and the system is driven into an uncontrolled regeneration. This means that the maximum speed of the vehicle would be significantly reduced in a real EV application. In this particular case, the maximum machine speed of 12 000 r/min corresponds to a maximum vehicle speed of 120 km/h. Taking into account that the control gets lost at around 4000 r/min, the vehicle maximum speed would be limited to 40 km/h, which would be unacceptable for the end user. This issue is due to the fact that there are significant differences between the FEM data and the experimental machine, mainly due to the following reasons: 1) No rotor temperature measurement is available. FEM analysis has been carried out for a particular set of stator winding and magnets temperatures. Therefore, the LUTs do not take into consideration the parameter variations produced by the temperature. 2) Small deviations between the specified and the real airgap (due to manufacturing and mounting tolerances) highly affect the electrical parameters of the machine. This aspect is aggravated in PM-assisted SynRM machines, due to the sensitivity of ferrite magnets to this particular parameter. 3) A 2.5D FEM model has been considered and, as a consequence, no information about the stray inductances of the winding heads can be obtained from the simulations. These stray inductances increase the resulting phase inductances, obtaining higher terminal voltages than expected. However, system robustness is guaranteed when the hybrid LUT control strategy is included [see Fig. 7(b) , (d), and (f)]. A robust torque and FW control performance is achieved in the whole operating range (see Fig. 8 ) using the second-order SMC control strategy combined with the proposed optimal current set point generation. Current references are properly modified by the VCT algorithm [see Fig. 8(b) ], while torque production capability is reduced once the current limit is reached [see Fig. 8 (a) and (b)], and also during MTPV, in order to ensure the required voltage regulation. As it can be seen in Fig. 8(c) , smooth transitions between the different operation regions is achieved. The corresponding current vector trajectory throughout the different operation regions in the dq plane is shown in Fig. 9 .
B. Experimental Validation
The difference between the torque set point and the actual torque (measured using a torquimeter) reveals the aforementioned mismatch between the real electrical parameters and the ones predicted by FEM analysis, as deviations of around 15 N·m have been confirmed at constant torque region and for maximum torque set point. Fig. 10 shows the torque regulation for transients (in this case, torque changes from motoring to regenerative braking). Being an EV propulsion system, torque reference transients are ramped in order to improve the comfort of the passengers. Both the SMC regulators and the hybrid set point generator prove to be robust in the occurrence of such torque transients. The SMC control equivalent voltages v d,eq and v q,eq are required to obtain a satisfactory transient response.
In order to evaluate the drive performance under real driving conditions, a standard worldwide harmonized light vehicles test procedure (WLTP) has been carried out. Driving cycles aim to analyze a vehicle's performance in terms of consumption, pollution, and efficiency, among other factors. The WLTP is an specific driving cycle supposed to represent light duty vehicle operation and its accuracy ensures more realistic results than conventional driving cycles [42] . The latter's speed profile and torque response in both urban and extra urban cycles are shown in Fig. 11 , including the torque response of the SynRM machine, which satisfactorily follows the reference requested by the driving cycle. Fig. 11(c) shows how the VCT feedback acts modifying the d-axis current set point when required. These results corroborate that the proposed strategy is ready to be implemented in real EVs and/or HEVs.
V. CONCLUSION
PM-assisted SynRMs are promising candidates for future EV and HEV rare earth free electric drives. However, due to design aspects, the electrical parameter variability of such machines can be very high. As it was demonstrated throughout experiments, electric parameter deviations have a high impact in the machine controllability, causing serious controllability problems in this type of drive. As a consequence, robust control strategies are required in order to ensure a satisfactory torque control.
In this paper, a robust control strategy that combines secondorder SMC current regulators with an optimal hybrid current set point generation algorithm was proposed, ensuring a satisfactory torque regulation in the whole machine operation range under parameter variations. Experimental tests were carried out in a state-of-the-art test bench that emulates the EV and/or HEV real application, validating the proposed approach, both under speed and torque variations and also under simulated real driving conditions. It is, therefore, reasonable to guess that the proposed VCT would properly cope with the angle and speed estimation errors introduced by any sensorless strategy. Moreover, the proposed strategy can easily be extended to other synchronous machine types, such as pure SynRMs and PMSMs. 
